In this paper we present a comprehensive analysis of the exclusive heavy quark photoproduction in pp, pP b and P bP b collisions at LHC and FCC energies using the Color Dipole formalism and taking into account of non-linear corrections to the QCD dynamics. We estimate the rapidity distributions and cross sections for the charm and bottom production considering the more recent phenomenological models for the dipole-proton scattering amplitude that are able to describe the ep HERA data. Our results indicate that a future experimental analysis of this process is feasible, which will allow us to improve our understanding of the QCD dynamics as well to perform the extraction of the elliptic component of the gluon Wigner distribution.
II. EXCLUSIVE HEAVY QUARK PHOTOPRODUCTION IN HADRONIC COLLISIONS
Let's initially present a brief review of the formalism (For more details see, e.g. Ref. [14] ). In a ultraperipheral hadronic collision, in which the impact parameter is larger than the sum of the radius of the incident hadrons (b > R 1 + R 2 ), the photon-induced interactions become dominant. The typical diagrams for the heavy quark production in these reactions are presented in Fig. 1 . The hadrons act as a source of almost real photons and the hadron-hadron cross section for the exclusive heavy quark photoproduction can be written in a factorized form, described using the equivalent photon approximation [14] . In particular, the differential cross section for the exclusive production of a heavy quark QQ at rapidity Y will be given by
where ω L (∝ e +Y ) and ω R (∝ e −Y ) denote photons from the h 1 and h 2 hadrons, respectively. The center-of-mass energy for the photon-hadron interactions is given by W γh = √ 4ωE, where E = √ s/2 and √ s is the hadron-hadron c.m. energy. Moreover, n(ω) is the equivalent photon spectrum generated by the hadronic source, which we will assume to be described by the Drees-Zeppenfeld [19] and the relativistic point-like charge [14] models for the case of a proton and a nucleus, respectively. The exclusive heavy quark photoproduction cross section will be estimated using the Color Dipole formalism [20] , which allows us to study the γh interaction in terms of a (color) dipolehadron interaction and take into account of the non-linear effects in the QCD dynamics [16] . In this formalism, the photon-hadron cross section for the exclusive heavy quark production is given by
where z is the photon momentum fraction carried by the quark, r is the transverse dipole separation and b h is the impact parameter, given by the transverse distance between the centers of the dipole and the target. Moreover, for a transversely polarized photon with Q 2 = 0 one have that the squared wave function |Ψ T (z, r)| 2 is given by [20] |Ψ T (z, r)
where e Q is the fractional quark charge and m Q the mass of the heavy quark. Furthermore, x = 4m 2 Q /W 2 γh and the differential dipole-hadron cross section can be expressed by
where N h (x, r , b h ) is the forward dipole-hadron scattering amplitude, which is dependent on the modelling of the QCD dynamics at high energies. As in our previous study [21] , we will consider the bCGC [22] and IP-SAT [23] models for the description of the dipole-proton scattering. Although these models differ in the treatment of the impact parameter dependence and/or of the linear and non-linear regimes, both describe quite well the high precision HERA data. One have that in the bCGC model, the linear regime of the dipole-proton scattering amplitude is described by the solution of the BFKL dynamics near of the saturation line, which implies that N p ∝ r 2γ ef f with γ ef f ≤ 1. In contrast, the IP-SAT model predicts N p ∝ r 2 xg(x, 4/r 2 ) in the linear regime. On the other hand, the saturation regime is described in the bCGC model by the Levin-Tuchin law [24] , while the IP-SAT predicts the saturation of N p at high energies and/or large dipoles, but the approach to this regime is not described by the Levin-Tuchin law. In our analysis we will assume for the bCGC model the set of parameters obtained in Ref. [25] by fitting the HERA data on the reduced ep cross sections. For the IP-SAT, we will assume the parameters obtained in Ref. [26] . In addition, we also will present the predictions derived using the IPnonSAT model proposed in Ref. [26] , which is obtained disregarding the non-linear corrections in the IP-SAT model. The comparison between the IP-SAT and IPnonSAT predictions will allow us to estimate the impact of the non-linear corrections in the exclusive heavy quark photoproduction in hadronic colliders. For a nuclear target, we will assume that the dipole-nucleus scattering amplitude is given by
where T A (b A ) is the nuclear thickness, which is obtained from a 3-parameter Fermi distribution for the nuclear density normalized to A. Such model was proposed in Ref. [27] and is based on the Glauber-Mueller approach [28] . It is important to emphasize that such model describes the existing experimental data on the nuclear structure function [29] . We will compute N A considering the bCGC, IP-SAT and IPnonSAT models for the dipole-proton scattering amplitude discussed before.
III. RESULTS
In what follows we will present our predictions for the rapidity distribution and cross sections for the exclusive charm and bottom photoproduction in pp/pP b/P bP b collisions at the LHC and FCC energies, obtained assuming m c = 1.27 GeV and m b = 4.5 GeV. We will consider the phenomenological dipole-proton models discussed above, which describe the ep HERA data. The comparison between the IP-SAT, IPnonSAT and bCGC predictions will allow us to estimate the impact of the non-linear effects, as well of the different descriptions of the transition between the linear and non-linear regimes. In in order. The distributions for pP b and P bP b collisions are enhanced by a Z 2 factor, present in the nuclear photon flux. Moreover, the predictions for pP b collisions are asymmetric in rapidity due to the asymmetry on the initial photon fluxes associated to a proton and a nucleus, with the γh interactions being dominated by photons generated by the nucleus. Therefore, the behaviour of the distribution is determined by γp interactions with the photons emitted by the nucleus and the rapidity directly determines the value of x that is being probed:
For the heavy quark production, the cross sections are dominated by the interaction of dipoles of size r ≈ 1/m Q (See e.g. Ref.
[30]), i.e. the charm production is dominated by larger dipole sizes than for the bottom case. Consequently, the charm and bottom quark production probe N h at different values of r. In particular, the impact of the non-linear effects, which are important to large dipoles, is expected to decrease with the increasing of the heavy quark mass. Moreover, the contribution of the non-linear effects increases for the larger photon-hadron center-of-mass energies achieved at the FCC in comparison to the LHC. Such expectations are confirmed in the results presented in Figs. 2 and 3. We have that the difference between the IP-SAT and IPnonSAT predictions is negligible for bottom production, large for charm production and increases with the energy. One can also observe a large difference between the IP-SAT and bCGC predictions, which is directly related to distinct descriptions of the linear and non-linear regimes, as well as of the transition between these regimes discussed before. In particular, the large difference observed in the predictions for the bottom production in pp collisions is explained by the distinct treatments of the linear regime, which is dominated by the interaction of very small dipoles (r ≈ 1/m b ) with the proton. Another way to observe these distinct treatments of the linear and non-linear regimes present in the phenomenological models is the analysis of the results for the charm production in pP b collisions. As pointed above, in this case the behaviour of the rapidity distribution is directly associated to the value that is being probed in the scattering amplitude. Therefore, for negative (positive) values of rapidity we are probing N p at large (small)-x. One have that bCGC prediction is larger than the IP-SAT one in the linear regime and smaller in the saturation regime. For P bP b collisions, this difference is smaller, which is directly associated to the fact that we are using the Eq. (5) to describe the dipole-nucleus scattering, with the bCGC and IP-SAT only affecting the argument of the exponential.
In Tables I and II we present the corresponding predictions for the charm and bottom cross sections, respectively, considering the rapidity ranges probed by the CMS (−2.5 ≤ Y ≤ +2.5) and LHCb (2.0 ≤ Y ≤ 4.5) detectors. One have that the predictions for the LHCb range are approximately a factor ≥ 2 smaller than those for the CMS kinematical range. We predict large values for the event rates, in particular for the charm production in P bP b collisions and FCC energies. The results indicate that a future measurement of the exclusive charm and bottom photoproduction in hadronic collisions is, in principle, feasible and that the analysis of this observable can be useful to constrain the description of the QCD dynamics at high energies. In addition, given the high values of the cross sections, we believe that the analysis of the differential distributions need to constrain the elliptic component of the gluon Wigner distribution could be performed in the forthcoming years. Finally, let's compare the predictions for the charm and bottom photoproduction in inclusive and exclusive processes, derived using the IP-SAT model. In contrast to the exclusive case, in inclusive interactions one of the incident hadrons fragments and the photon-hadron cross section is linearly proportional to dσ/d 2 b h (For details see, e.g. [21] ). In Figs. 4 and 5 we present our results for pp/pP b/P bP b collisions at the LHC and FCC energies, respectively. The results for charm (bottom) production are presented in the upper (lower) panels. In the case of charm production in pp and pP b collisions at the LHC, we have that the exclusive prediction is a factor O(20) smaller than the inclusive one for midrapidities. On the other hand, for P bP b collisions, this factor is O (10) . For the FCC we have that the corresponding factors are of order of 15/18/8 for pp/pP b/P bP b collisions, respectively. In contrast, we have that exclusive bottom photoproduction is a factor O(100) [O(80)] smaller than the inclusive one for the LHC [FCC] energies. It is important to emphasize that the free parameters present in the Color Dipole formalism have been constrained by the HERA data, which implies that our predictions are parameter free. Moreover, as the inclusive and exclusive photoproduction in hadronic collisions are determined by the same quantities, i.e. the photon wave function and the color-dipole amplitude, a future measurement of both processes will be an important test of the universality of the Color Dipole formalism as well of the treatment of the non-linear corrections to the QCD dynamics.
IV. SUMMARY
In summary, we have computed the rapidity distributions and cross sections for the exclusive charm and bottom photoproduction in pp/pP b/P bP b collisions at the LHC and FCC energies. Our study was motivated by the possibility of use this process to constrain the elliptic component of the gluon Wigner distribution by the analysis of the differential distribution in the relative quark-antiquark momentum for distinct values of the momentum transfer. Our predictions indicate that the expected number of events is very large, in particular for charm production in P bP b collisions at the FCC. Therefore, we strongly recommend a future experimental analysis of this process in order to improve our understanding of the QCD dynamics and to access the gluon Wigner distribution.
